This study evaluates the role of 1) low cloud condensation nuclei (CCN) conditions and 2) preferred radiative cooling of large cloud drops as compared to small cloud drops, on cloud droplet spectral broadening and subsequent freezing drizzle formation in stably stratified layer clouds. In addition, the sensitivity of freezing drizzle formation to ice initiation is evaluated. The evaluation is performed by simulating cloud formation over a two-dimensional idealized mountain using a detailed microphysical scheme implemented into the National Center for Atmospheric Research-Pennsylvania State University Mesoscale Model version 5. The height and width of the two-dimensional mountain were designed to produce an updraft pattern with extent and magnitude similar to documented freezing drizzle cases. The results of the model simulations were compared to observations and good agreement was found.
Introduction
Recent studies have shown that freezing drizzle 1 can be a significant safety hazard to aviation due to the potentially dangerous icing it can produce on aircraft (Cooper et al. 1984; Sand et al. 1984; Politovich 1989 Politovich , 1996 . A number of turboprop aircraft accidents have been attributed to the formation of ice on unprotected regions of the wing during these conditions (Marwitz et al. 1997; Pike 1995) . Due to their hazardous nature, regions with freezing drizzle are generally avoided by most pilots if possible. In order for them to do this, however, accurate forecasts are required. The quality of freezing drizzle forecasts, however, is limited by a proper physical understanding of the mechanisms by which freezing drizzle forms. Freezing drizzle is generally recognized to form predominantly via an all water process through collision and coalescence of cloud droplets at temperatures below freezing, or the so-called supercooled warm rain process (Ohtake 1963; Kajikawa et al. 1988; Huffman and Norman 1988; Rasmussen et al. 1995; Cober et al. 1996) . The main limiting factor in VOLUME 59
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the formation of freezing drizzle is the creation of cloud droplet sizes greater than 40 m in diameter in order to initiate the collision-coalescence process. Otherwise, the formation of droplets Ͼ40 m in diameter through diffusional growth alone is a slow process (Pruppacher and Klett 1997) .
The processes causing broadening of cloud droplet size distributions and subsequent drizzle formation in stably stratified layer clouds are currently not well understood. Pobanz et al. (1994) suggested that shear-induced mixing near cloud top may be responsible for this broadening effect. However, more recent studies have found significant amounts of freezing drizzle in clouds with no or minimal shear near their tops (Cober et al. 1996; Isaac et al. 1999; Bernstein 2000) . Since many cases of freezing drizzle formation involve frontal situations, it may be that wind shear is associated with the front and not the formation of freezing drizzle. Recent studies (Korelev and Isaac 2000) have suggested that high supersaturations created by isobaric mixing of air parcels in stably stratified environments may be responsible for the broadening of cloud droplet spectra. Again, a mixing process is required for this mechanism, which is not always observed with clouds associated with freezing drizzle.
Observational studies by Murakami et al. (1992) , Rasmussen et al. (1995) , and Cober et al. (1996) have suggested that low concentrations of cloud condensation nuclei (CCN) may be responsible for the rapid growth of cloud droplets to sizes large enough to initiate the collision-coalescence process in these types of stably stratified clouds. Another possible mechanism for cloud droplet spectral broadening is radiative cooling of the individual cloud droplets (Roach 1976) . This effect has mainly been studied in the context of fogs and stratocumulus clouds (Roach 1976; Caughey and Kitchen 1984; Chen and Cotton 1987; Austin et al. 1995; Harrington et al. 2000) . In these cloud types, radiative cooling of the individual drops was shown to broaden the spectra faster than pure diffusional growth. However, in stratocumulus clouds, the effect on drizzle formation was relatively small due to the short residence time of air parcels near cloud top (Harrington et al. 2000) .
In this paper we evaluate the role of 1) low CCN conditions, and 2) preferred radiative cooling of large cloud drops as compared to small cloud drops, on cloud droplet spectral broadening and subsequent freezing drizzle formation in stably stratified layer clouds. In addition, we also evaluate the sensitivity of freezing drizzle formation to the concentration of ice forming nuclei (IFN). The current simulations do not address enhanced freezing drizzle formation due to mixing processes as proposed by Pobanz et al. (1994) , Korelev and Isaac (2000) , and Cooper (1989) nor enhanced drizzle formation due to curvature and salinity effects as discussed by Celik and Marwitz (1999) and Korelev (1995) or the possible role of giant nuclei . These processes may further enhance the formation of freezing drizzle in the type of clouds studies herein and will be addressed in future studies.
The current evaluation is performed by simulating cloud formation over a two-dimensional idealized mountain using a detailed microphysical scheme implemented into the National Center for Atmospheric Research-Pennsylvania State University (NCAR-PSU) Mesoscale Model version 5 (MM5). The height and width of the two-dimensional mountain were designed to produce an updraft pattern with extent and magnitude similar to documented freezing drizzle cases (Rasmussen et al. 1995; Cober et al. 1996; Bernstein et al. 1997; Bernstein 2000) .
The detailed microphysical scheme is described in section 2, and its implementation into the NCAR-PSU MM5 is discussed in section 3. Section 4 provides an analysis of the results. Section 5 compares the results to observations of the freezing drizzle formation in the 1990 Valentine's Day freezing drizzle event in Colorado (Rasmussen et al. 1995) and to other freezing drizzle observations made in North America (Cober et al. 1996; Stuart and Isaac 1999; Bernstein 2000) . Conclusions are given in section 6.
Description of the detailed microphysical scheme
A detailed microphysical scheme was developed to simulate the formation of freezing drizzle and various ice species in stably stratified clouds based on the model of Geresdi (1998) . A key improvement over the previous Geresdi (1998) model is the implementation of the moment-conserving technique (Reisin et al. 1996) for calculation of the time evolution of the hydrometeor size distributions (see appendix for details of the model). The moment-conserving technique has been demonstrated to accurately model the evolution of hydrometeor distributions by Tzivion et al. (1987 Tzivion et al. ( , 1999 . The main achievement of the moment conserving technique is the prevention of artificial broadening of the hydrometeor size distribution by numerical diffusion. In addition, the moment-conserving technique conserves mass and number concentration independent of time step and bin size.
The modified model simulates five different types of hydrometeors: water drops, pristine ice crystals, rimed ice crystals, snowflake aggregates, and graupel (see appendix section a for details on the shape, density, axis ratio, and terminal velocities assumed for each hydrometeor type). Thirty-six size bins are used to describe the evolution of the size distribution for each of these five hydrometeor types. Bins are delineated by edges with the next largest edge having a mass double that of the previous edge. The mass range for all five hydrometeor types is 1.5979 ϫ 10 Ϫ14 -0.001098 kg (1.56 m-6.4 mm for water drops), with m kϩ1 ϭ 2m k (where m is mass and k the bin index). Cloud droplets are initialized based on specified equations for CCN cumulative concentration [N CCN (cm Ϫ3 )] as a function of supersaturation, S (%) Meyers et al. (1992) and Cooper (1986) schemes. See text for details of the functions. over a flat water surface. In this study we use CCN spectra typical of maritime and continental air masses (Fig. 1) . The continental CCN concentration is given by 

The continental distribution was developed from CCN observations near Colorado, and the maritime distributions from CCN measurements near Hawaii. Both measurements were made by Jim Hudson of Desert Research Institute (1999, personal communication) with his CCN instrument. CCN particles are assumed to be monodisperse and drops just formed on them are put into the first water droplet size category. The time step used to give the concentration of the newly formed drops on CCN and to calculate the diffusional growth was reduced to 1 s, while for the other processes a 10-s time step was used.
Ice is initiated in the pristine ice category using equations that produce ice by deposition, condensation-freezing, immersion, and contact nucleation (see appendix section d for details on contact nucleation). Two types of equations are used for deposition and condensation freezing: an equation by Meyers et al. (1992) based on laboratory measurements of natural ice nuclei using a continuous flow diffusion chamber, and a fit to in situ ice crystal measurements by Cooper (1986) . Individual simulations use one or the other of these equations. The Meyers equation is given by
and the Cooper equation by
where S i is the supersaturation(%) with respect to ice, N i the number concentration in # L Ϫ1 , T o ϭ 273.15 K, and T is the ambient temperature in K. A plot of these two relationships is shown in Fig. 2 . In both cases, pristine ice crystals are initiated only if the temperature is less than Ϫ5ЊC and water saturation is reached. At temperatures ϽϪ27ЊC both schemes are set to the ice concentration value at Ϫ27ЊC to prevent the formation of unrealistically high numbers of pristine ice crystals at colder temperatures.
In bulk microphysical parameterizations, only one or two variables are typically available to describe the size distribution. In most cases the mixing ratio is predicted and the shape and parameters of the size distribution are assumed. The use of 36 bins in the current detailed microphysical model allows the size distribution of the five hydrometeor types to evolve naturally without having to specify the shape of the size distribution.
The following growth/evaporation/melting processes are simulated in the detailed model: 1) Diffusional growth of water drops, pristine ice, and rimed ice (see appendix section b for details). 2) Freezing of supercooled drops. If the diameters of the drops are Ͻ50 m, pristine ice crystals are formed. Larger drops become graupel. 3) Melting of graupel. 4) Collision and coalescence of water droplets. 5) Pristine ice crystal and water drop collisions to form rimed ice. If the mass of the water drop is greater than the pristine ice crystal, then graupel forms. 6) Rimed ice crystal and water drop collisions result in the growth of rimed ice. If the mass of the water VOLUME 59
drop is greater than the rimed ice crystal, graupel forms. 7) Self collisions between pristine ice crystals and rimed ice crystals form snowflake aggregates. 8) Riming of aggregates results in graupel. 9) Riming of graupel increases the mass of the graupel.
In addition to the continuity equations for the hydrometeors, continuity equations are also included for CCN and activated ice nuclei (IN). These equations allow for the depletion of CCN and IN as well as sources and sinks.
Ice nuclei are activated whenever pristine ice crystals are formed. The sources of activated ice nuclei are given by the Meyers or Cooper scheme for deposition and condensation freezing nucleation or by contact ice nucleation (as given in the appendix). For condensational freezing and depositional nucleation, the new crystals are assumed to be monodisperse with a mass of 0.5 (m 2 ϩ m 3 ) and put into the second bin. The increase in number concentration and mixing ratio of the pristine ice crystals due to deposition or condensation freezing during time step ⌬t is given by
where is the concentration of activated ice nuclei 1 N id including advection and diffusion at a grid point and N id (t) is the maximum concentration of ice nuclei that could be activated at a grid point at time t from Eq. (3) or (4). New ice crystals can form if ⌬N id Ͼ 0. Models without ice nuclei depletion will overestimate ice crystal concentrations when ice crystals sediment or collide with each other and form aggregates.
A new aspect of the model is the inclusion of radiative cooling effects of the drops when calculating water droplet diffusional growth. The equations used for this calculation are
where Q r is the net radiative heat loss per unit surface area of water drops (this term is taken into consideration only at the top of the cloud, in the interior of the cloud the net radiative heat loss is zero). The formulation of Q r for drizzle clouds is based on the observation that these cloud types are stratiform with a dry layer aloft. An appropriate formulation for describing cloud top cooling for this type of cloud is given by Roach (1976) :
where Q a (r) ϭ Q max [1 Ϫ exp(Ϫ␤r)] is the mean absorption efficiency averaged over wavelength, and is the constant in the Stefan-Boltzmann radiation law (5.67 ϫ 10 Ϫ8 W m Ϫ2 K Ϫ4 ), Q max ϭ 1.18, and ␤ ϭ 0.28 m Ϫ1 . Only longwave cooling is considered in the current treatment in order to maximize the potential effect of cooling on broadening the cloud droplet spectra. Here f and f h are the ventilation coefficients for diffusion and heat conduction (Pruppacher and Klett 1997) . The gas kinetic effect is also taken into consideration (which decreases the growth rate of the small droplets). The resulting growth rate of a drop including radiative effects is then given by
where F ␣ is given in Pruppacher and Klett (1997) . Section c of the appendix presents a derivation of the supersaturation excess over ice and over water modified by the effect of radiative cooling of drops.
Approach
The detailed study by Rasmussen et al. (1995) describes a freezing drizzle case that formed in association with the uplift of air over an artic front in Colorado. The magnitude of the uplift was documented to be on the order of 6-10 cm s Ϫ1 based on isentropic analysis and Velocity Azimuth Display (VAD) analysis from radar. Freezing drizzle formed in the stably stratified upper portion of the cloud in association with liquid water contents up to 0.35 g m Ϫ3 . In the region of drizzle formation, the cloud-top temperature was Ϫ10ЊC and low ice-crystal concentrations were present. Cober et al. (1996) documented a case with supercooled drizzle over the Atlantic Ocean in which the cloud-top temperature was Ϫ12ЊC, vertical velocity between 5 and 7 cm s Ϫ1 , maximum liquid water content 0.2 gm Ϫ3 , and ice-crystal concentration 0.08 L Ϫ1 . The formation of drizzle in regions of weak mesoscale ascent, warm cloud tops, low ice-crystal concentrations, and stably stratified conditions has been documented by a number of other studies as well (Murakami et al. 1992; Bernstein et al. 1998; Bernstein 2000) . The climatological study of Bernstein et al. (1998) identified three main regions for freezing drizzle formation in association with synopticscale extratropical cyclones: 1) ahead of a warm front in the overrunning region, 2) near a low pressure center, and 3) at the leading edge and toward the rear of arctic and cold fronts. All of these regions have relatively warm cloud tops (typically Ϫ12ЊC and greater), mesoscale uplift on the order of 5-20 cm s Ϫ1 , and stably stratified conditions.
In order to understand the processes leading to freezing drizzle in these types of stably stratified clouds, the detailed microphysical model described in section 2 was implemented into a two-dimensional version of the NCAR-PSU MM5 model (Dudhia 1993 ). The abovedescribed synoptic conditions were simulated by using a two-dimensional bell-shaped mountain to force a mesoscale uplift of 5-10 cm s Ϫ1 over a distance of approximately 100 km. This was achieved using the sounding shown in Fig. 3 . This sounding has an entirely subfreezing moist adiabatic saturated layer from the surface to cloud top at Ϫ10ЊC. Above cloud top, the sounding dries out and becomes more stable. While the cloud layer is neutral and thus not absolutely stable, it allows for the simulation of airflow typically observed during isentropic lift over a front through the use of a simple two-dimensional barrier (Fig. 4) . If the cloud layer in this sounding were stable, flow blocking would occur at low levels, and the resulting airflow would be unrepresentative of airflow over a frontal surface.
The wind speed impacting the barrier is 15 m s Ϫ1 , resulting in a vertical motion field as shown in Fig. 4 , with vertical motion on the order of 5-10 cm s Ϫ1 on the upstream 100 km of the barrier and downward motion to the lee of the barrier. The formation of freezing drizzle is simulated in the vertical motion field on the upstream side of the mountain. The bell-shaped mountain has a height of 1 km and a half-width of 100 km. Table 1 describes the simulations performed using the sounding discussed above. As shown, simulations were VOLUME 59
. Two-dimensional vertical cross sections from simulation 6 at 3 h: (a) cloud liquid water (g kg Ϫ1 ), (b) rainwater mixing ratio (g kg Ϫ1 ), (c) pristine ice mixing ratio (g kg Ϫ1 ), (d) rimed ice crystal mixing ratio (g kg Ϫ1 ), (e) snow aggregate mixing ratio (g kg Ϫ1 ), and (f ) graupel particle mixing ratio (g kg Ϫ1 )
. Grayscale values and units indicated in the legend on the bottom of each panel.
performed in which the ice phase was turned on and off for both continental and maritime CCN distributions, radiative cooling on and off, ice nuclei depletion on and off, and with the Meyers and Cooper ice schemes. The time step used for all the simulations was 10 s and the horizontal grid spacing 10 km with a 1200-km horizontal domain length. Tests were performed with shorter time steps and horizontal grid spacings and the results were found not to change significantly. The top of the domain was 100 mb, and 39 vertical grid levels in coordinates were used. The effective vertical grid spacing in the lower region of the cloud was ϳ50 m and in the upper cloud region ϳ150 m. The vertical location of the wind barbs in Fig. 3 is given at each of the levels.
Results

a. Discussion of a typical case: Mixed phase simulation with radiative cooling of drops on, Cooper ice initiation, and a maritime CCN distribution (simulation 6)
The lifting of moist air over the two-dimensional barrier results in the formation of cloud water on the upstream side of the barrier, with the maximum cloud water (0.36 g kg Ϫ1 ) after 3 h of simulation time located 80 km upstream of the mountain peak and within 1 km of the surface (Fig. 5a ). Note that the cloud water increases from west to east at a rate proportional to the slope of the topography. Drizzle forms once the cloud water content exceeds 0.35 g kg Ϫ1 (Fig. 5b) . The threshold of 0.35 g kg Ϫ1 is consistent with observations of the onset of freezing drizzle from the Winter Icing and Storm Project (WISP; Rasmussen et al. 1992 ) case study by Rasmussen et al. (1995) , which had low cloud droplet concentrations similar to that found in the current maritime drizzle simulation.
Pristine ice crystals formed at cloud top where the coldest temperatures are encountered (Fig. 5c ). Once these crystals fall into the cloud water region they rapidly convert to rimed crystals (Fig. 5d) . A small number of the rimed crystals collide with each other to form aggregates (Fig. 5e ), and some of the rimed crystals and aggregates collide with larger drops to form graupel particles ( Fig. 5f ). Both the aggregates and graupel particles are located near the top of the barrier within the region of cloud liquid water, drizzle, and rimed crystals and have mixing ratios 2-4 orders of magnitude less than the rimed ice crystals.
b. Effect of maritime versus continental CCN on freezing drizzle formation
We consider in this section the all-water simulations 1 and 7 with no cloud droplet cooling due to radiation in order to examine the effect of continental versus maritime CCN on the formation of freezing drizzle. Freezing drizzle appears in the maritime simulation after 1 h of simulation time (Fig. 6 ). The cloud water mixing ratio reaches a domain maximum value of 0.36 g kg Ϫ1 at this time. In contrast, the onset of drizzle in the continental CCN case occurs after 3 h of simulation time, at which point the cloud water mixing ratio has reached a value of 0.75 g kg Ϫ1 , double the maximum value in the maritime case (Fig. 6) .
The evolution in time and space of the droplet spectrum for the maritime case is shown in Fig. 7 at 250 m above the terrain every 0.5 h. Droplets with diameters greater than 40 m first appear in the maritime simulation as a result of condensational growth after 30 min of simulation time. The onset of collision-coalescence is evident between 60 and 90 min near 500 km by the rapid increase in droplet diameters at that location and time (evident by the ''bump'' in the contour plot of concentration as a function of droplet diameter in Fig.  7 ). Once collision-coalescence starts, freezing drizzle forms rapidly (within 30 min).
The growth of the droplet spectra to larger sizes as an air parcel advects toward the mountain is indicated by the upward tilt of the concentration contours toward the right (in the direction of flow). In the maritime case (Fig. 7) , the upward tilt is larger than in the continental case (Fig. 8) , indicating that the maritime droplet size spectra evolve to larger sizes more rapidly than the continental droplet size spectra.
A droplet diameter of 40 m is first exceeded in the continental case (Fig. 8 ) after 120 min of simulation time, four times longer in time than the maritime case. As a result, significant drizzle does not form in the continental CCN case until 4 h after the start of the simulation as compared to 1.5 h in the maritime case.
The evolution of the size distribution for the maritime case following a parcel 250 m AGL is shown in Fig.  9a . This parcel is located 135 km upstream of the mountain top at t ϭ 0.5 h. The spectrum at the initial location starts off relatively broad with small numbers of droplets (ϳ50 cm Ϫ3 ). As the air parcel moves closer to the mountain peak, the spectrum broadens and the overall spectrum shifts to larger diameters. By 2.0 h the spectrum has significantly broadened and drizzle drops have formed. FIG. 6 . Time series of the maximum drizzle water mixing ratio (g kg Ϫ1 ) and cloud water mixing ratio (g kg Ϫ1 ) for simulation 7 (all warm maritime case) and simulation 1 (all warm continental case).
VOLUME 59 J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S
In the continental case, the trajectory ending up at mountain top after 6 h ( Fig. 9b ) starts 300 km upstream of the mountain at t ϭ 0.5 h. This parcel trajectory will experience a slightly different updraft magnitude with time than the previous trajectory. The initial size distribution (t ϭ 0.5 h) for this trajectory (Fig. 9b) has a narrower size distribution with high number concentration (ϳ300 cm Ϫ3 ) that shifts to larger diameters as the parcel approaches the mountain, but does not broaden significantly. By 4.5 h the spectrum has broadened and drizzle size droplets have formed. Thus, the onset of drizzle for the continental case is due to the spectrum moving to larger sizes without significant spectral broadening until sufficient numbers of 40-m droplets have developed (after 3 h in Fig. 9b ). The slightly different updraft magnitude experienced by this parcel should not affect these results significantly, since they mainly rely on the cloud water content, which was shown to be significantly larger in the continental case than in the maritime case.
A plot of water drop concentration as a function of time and height at x ϭ 550 km is shown in Fig. 10a for the maritime case and in Fig. 10b for the continental case. The evolution with time of the drop size distribution shows the initial formation of 50-and 200-m drops occurring at nearly the same time at all altitudes, except for the height just below cloud top (820 m). In the maritime case the spectral broadening to 200 m occurs between 1.6 and 2.1 h, while in the continental case it occurs between 3.8 and 4.5 h. The relatively small time differences in the formation of 200-m drops at different levels is due to the fallout of the drizzle droplets. The nearly simultaneous spectral broadening at all altitudes reflects the fact that each air parcel for a given CCN distribution has a nearly similar cloud droplet distribution initially and is subject to similar magnitudes of lifting. Thus, the formation of drizzlesized drops is expected to occur at nearly the same time at all altitudes in the cloud for a given CCN distribution. This figure also shows what a vertically pointing remote sensing device might observe as a function of height and time above an area of active freezing drizzle formation.
The maximum diameter of the drizzle drops was 300 m in both the maritime and continental cases. Maximum drizzle water contents were also near 0.1 g kg Ϫ1 in both cases (Fig. 6 ). Both the maximum size and mixing ratio predicted by the model agree well with airborne and surface observations of freezing drizzle (Politovich 1989; Rasmussen et al. 1995; Cober et al. 1996; Bernstein 2000) . Maximum cloud water content in the maritime simulation reached 0.44 g kg Ϫ1 , nearly a factor of two less than the continental simulations, reflecting the more efficient conversion of cloud water to drizzle water in the maritime case.
These model results show that drizzle can form in moderate mesoscale updrafts in both maritime and continental CCN conditions. However, the maritime case formed drizzle after only 90 min, while the continental case took over 4 h. Thus, low CCN conditions are clearly more favorable to freezing drizzle formation than high CCN conditions. Freezing drizzle formation by low CCN concentrations was proposed by Murakami et al. (1992) to explain freezing drizzle formation in warm frontal situations, by Rasmussen et al. (1995) to explain freezing drizzle formation in arctic fronts, and by Cober et al. (1996) to explain freezing drizzle formation in maritime clouds off Nova Scotia.
The study by Stuart and Isaac (1999) using 30 yr of surface data from Canada showed that freezing drizzle frequently occurs near the Atlantic Ocean. For instance, they documented that freezing drizzle frequently occurred during winter months in the Maritime Provinces and eastern Newfoundland, all of which are located near the Atlantic Ocean. St. John's, in eastern New Foundland, for instance, has over 100 h of freezing drizzle annually, the highest frequency of drizzle occurrence in North America (and possibly the world). The air masses in these regions typically have low CCN concentrations due to their maritime origin.
Analysis of data collected during the NASA/Glenn freezing drizzle field programs near Cleveland also showed that freezing drizzle most often forms in clean air masses. It was observed that air masses with trajectories over the Great Lakes were more likely to form freezing drizzle than air masses with continental sources (Bernstein 2000) .
c. Effect of radiative cooling of drops near cloud top on freezing drizzle formation
In order to examine the effects of radiative cooling of cloud drops near cloud top on freezing drizzle formation, we compare simulations 1 and 2 for the continental CCN distribution and simulations 7 and 8 for the maritime CCN distribution. We also consider sim- )] using the gray scale at the right as a function of water droplet diameter (vertical axis) and distance (km) 250 m above the ground level for simulation 7 (all warm maritime simulation) at, from top to bottom: 0.5 h, 1.0 h, 1.5 h, 2.0 h, 2.5 h, and 3.0 h. ulation 11 in which the depth over which radiative cooling is applied near cloud top is doubled. All of these simulations consider liquid phase only.
A 1D detailed simulation of the radiative cooling at cloud top using the vertical profile of cloud water found in the current simulations revealed a maximum cooling rate of Ϫ30 K day Ϫ1 confined to the upper 200 m of the cloud. This result led us to apply radiative cooling of cloud droplets to the upper portion of the cloud only [using Eq. (7) in section 2]. Tests were run with cooling applied to one grid point below cloud top (ϳ100 m below cloud top, where cloud is defined by a cloud water mixing ratio Ͼ0.01 g kg Ϫ1 ), and two grid points below cloud top (ϳ200 m). The results showed differences less than 10% (see discussion later in this section), and thus we decided to apply cooling using Eq. (7) to only the first grid point below cloud top in the 2D model simulations. In addition, the droplet cooling rates predicted from the 1D detailed simulation and calculated with Eq. (7) were shown to be within 10% of each other, justifying the use of Eq. (7) to calculate the net radiative cooling of the droplets.
The results for the continental cloud with radiative cooling on (simulation 2) show that within 1 h the cloud VOLUME 59 droplet size distribution becomes broader (Fig. 11) at cloud top (top panel). In fact, the distribution at cloud top becomes nearly identical with the maritime cloud droplet size distribution at the same time for simulation 7 in which radiative cooling is turned off (Fig. 10a) , at least at times less than 2 h. The droplets from this distribution initiate the collision-coalescence process and the resulting drops fall through the cloud and form drizzle drops. This is evident in Fig. 11 by the progressive broadening of the spectra in time at all altitudes below cloud top. In contrast to the previous results, the formation of drizzle drops does not occur at the same time at each altitude (Fig. 11) , but rather occurs later in time, the lower the altitude. This occurs due to the time required for the large drops initiated at cloud top to fall to lower levels in the cloud. The size distribution at the ground (bottom panel in Fig. 11) shows a tail forming in the distribution out to 200-m diameter drops at 3 h. However, the number of drizzle drops formed is four orders of magnitude less in the continental case with radiative cooling than in the maritime case without the radiative term (cf. lower panels in Figs. 10a and 11) . As a result, the maximum drizzle mixing ratio for this continental case with radiative cooling at 3 h is only
FIG. 9. Droplet size spectra 250 m AGL following a parcel of air: (a) spectra from simulation 7 (all warm maritime) starting 162 km upstream of the mountain top at t ϭ 0, and ending at mountain top at t ϭ 3 h. Spectra shown at 0.5 (135), 1.0 (108), and 2 (54) h (km), respectively, along the trajectory. (b) Spectra from simulation 1 (all warm continental) starting 324 km upstream of the mountain top at t ϭ 0 and ending at mountain top at t ϭ 6 h. Spectra shown at 0.5 (297), 1.5 (243), 3.0 (162), and 4.5 (81) h (km) along the trajectory. 0.00023 g kg Ϫ1 , nearly three orders of magnitude less than the maximum drizzle water simulated in the maritime case at the same time (0.105 g kg Ϫ1 ). When the depth of radiative cooling near cloud top is doubled (simulation 11), the drizzle water mixing ratio at 3 h is only increased to 0.003 g kg Ϫ1 . Since the maritime cloud has a broad size distribution throughout the cloud, large drops from air parcels at all levels can contribute to the observed drizzle water content in the cloud with the maritime CCN, while in the continental case with radiative cooling of drops near cloud top, only the drops formed near cloud top that fall through the cloud can contribute. As a result, the onset of freezing drizzle in the continental case with radiative cooling is similar to that of the continental case without radiative cooling (Fig. 12) . The rate of drizzle formation is more rapid in the radiative cooling case, however, than the nonradiative cooling case. These results are similar to the results of Harrington et al. (2000) regarding the sensitivity of drizzle production to radiative cooling near the tops of arctic stratocumulus clouds. In our case the low drizzle amounts formed are due to the: 1) sedimentation of larger droplets from the cloud-top region where radiative cooling is active, limiting the build up of drizzle and 2) the limited number of drizzle embryos available to the cloud from the relatively small percentage of the cloud effected by radiative cooling. In the stratocumulus cloud, the minor effect of radiative cooling on drizzle formation is due to the short residence time of air parcels near cloud top, limiting the time available to broaden the distribution.
The maximum drizzle water content in the continental radiative cooling case prior to the normal onset of drizzle at 3 h was less than 0.01 g kg Ϫ1 (maximum at 3 h of 0.00023 g kg Ϫ1 compared to maximum of 0.000014 in the continental case with no radiative cooling at the same time). Aircraft observations of drizzle liquid water content ( Fig. 18 ; Miller et al. 1998; Politovich 1989; Cober et al. 1996) show that nearly all observations of freezing drizzle conditions have water contents larger than 0.01 g m Ϫ3 , with the more hazardous drizzle conditions occurring for drizzle liquid water contents Ͼ ϳ0.1 g m Ϫ3 . Thus, the slight increase in drizzle water content due to cloud-top radiative cooling is not likely to result in hazardous drizzle conditions for aircraft. In fact, any mechanism for droplet spectral broadening near cloud top, such as the proposed shear mechanism (Pobanz et al. 1994) , may only produce limited amounts of drizzle in clouds with weak updrafts according to these simulations due to the relatively small region in which the cloud droplet spectrum is broadened as compared to the entire cloud depth and the rapid sedimentation of the larger droplets. In the maritime CCN simulations, the size distribution is broadened throughout the entire cloud depth, allowing large drops to contribute from a number of different levels, leading to the higher drizzle water contents in these types of clouds.
Radiative cooling of cloud droplets may be responsible for drizzle formation in thin clouds with continental CCN. In these types of cloud, radiative cooling may be the only mechanism capable of broadening the size distribution to large enough sizes to initiate the collision-coalescence process. The drizzle water content of the clouds would be quite low, however. Harrington et al. (2000) showed that thin stratocumulus clouds (Ͻ500 m thick) with continental CCN only produced small amounts of drizzle. Radiative cooling may also be responsible for the formation of drizzle in clouds VOLUME
J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S FIG. 10. Logarithmic gray shade contours of droplet number density [kg Ϫ1 (d logr)
Ϫ1 ] using gray scale at the right as a function of water droplet diameter (vertical axis) and time of simulation at a distance 50 km upstream of the mountain peak for: (a) simulation 7 (all warm maritime simulation), and (b) simulation 1 (all warm continental simulation). In each figure the individual panels are for altitudes above ground level of, from top to bottom: 820, 522, 337, 254, 127, and 0 m as indicated.
with weak updrafts (Ͻ5 cm s Ϫ1 ) and low liquid water contents.
In the simulation with a maritime CCN distribution and cloud droplet radiative cooling near cloud top (simulation 8), the cloud droplet distribution near cloud top is broadened even further. However, the maximum drizzle water content achieved by this simulation was not significantly increased over the simulation performed with no radiative cooling of cloud droplets (Fig. 12) . This is consistent with the discussion above in that only affecting the cloud-top region will not significantly impact the drizzle forming capability of the cloud.
d. Sensitivity of freezing drizzle formation to ice initiation
To examine the effect of ice initiation on freezing drizzle formation, we performed simulations 5 (Meyers ice initiation) and 6 (Cooper ice initiation). Both of these simulations used a maritime CCN distribution and had R A S M U S S E N E T A L .
FIG. 10. (Continued)
radiative cooling of drops turned on. The main feature of simulation 6 was the relatively low ice-crystal concentrations produced by the Cooper method of ice initiation (0.08 L Ϫ1 maximum, see Fig. 2 ). In contrast, the simulation using the Meyers curve (simulation 5) formed nearly an order of magnitude more ice at these high temperatures (0.6 L Ϫ1 maximum, see Fig. 2 ), leading to enhanced formation of rimed ice crystals, aggregates, and graupel. As a result, the maximum cloud water is only 0.26 g kg Ϫ1 at 3 h in the Meyers simulation (Fig. 13) . The maximum rainwater content at 3 h is a factor of two less than in the Cooper case and forms over a much more limited area near the top of the barrier (Fig. 14) . The factor of 10 higher ice concentration in the Meyers case leads to increased depletion of cloud water by the riming of pristine ice crystals into rimed crystals and further riming of the rimed crystals and also by depositional growth. In both the Cooper and Meyers cases, riming and depositional growth of pristine ice and rimed ice contributes nearly equally to the increase in ice mass. However, the water vapor deposited on the ice particles in the Meyers case is an order of magnitude greater than in the Cooper case, as well as the riming.
The riming process depletes the larger droplets more than the smaller droplets due to the higher collision VOLUME
J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S FIG. 11. Logarithmic gray shade contours of droplet number density [kg Ϫ1 (d logr)
Ϫ1 ] using gray scale at the right as a function of water droplet diameter (vertical axis) and time of simulation at a distance 50 km upstream of the mountain peak for simulation 2 (all warm continental simulation with radiative cooling of drops on). The various panels are for altitudes above ground level of, from top to bottom: 820, 522, 337, 254, 127, and 0 m as indicated.
efficiency between ice crystals and large droplets as compared to smaller droplets. Thus, higher ice-crystal concentrations will result in a rapid depletion of large cloud droplets. The reduced cloud water and numbers of larger droplets, in turn, leads to less conversion of cloud water to rainwater via the collision-coalescence process. As a result, the precipitation at the ground for the Meyers simulation (Fig. 15a) is mainly composed of rimed crystals as opposed to freezing drizzle, while in the Cooper case (Fig. 15b ) most of the precipitation at the ground is freezing drizzle, with rimed crystal mass a factor of 3 less than in the Meyers case. Thus, a significant fraction of the cloud water and vapor in the Meyers case is converted to rimed crystals instead of drizzle.
In the liquid-only simulation 8, the cloud water mixing ratio reaches a value of 0.40 g kg Ϫ1 at 3 h, nearly the same value of the cloud water mixing ratio from simulation 6 (Cooper ice initiation) at the same time (0.39 g kg Ϫ1 ). As a result, the maximum drizzle water content is nearly the same for both cases (0.105 g kg suggesting that the Cooper ice initiation scheme has minimal effect on the formation of freezing drizzle as compared to the liquid-only simulation, at least in the case of maritime CCN tested here.
While the difference in drizzle formation between the all warm maritime CCN case and the maritime simulation with Cooper ice was relatively small, in the continental simulations it was more significant. The maximum drizzle water was reduced by 30% in a simulation with continental CCN and Cooper ice (simulation 12) as compared to the maritime simulation with Cooper ice (simulation 6). The effect seems to be due to a reduction in overall cloud water and the larger drops by the riming of crystals, leading to a less efficient collision coalescence process. Thus, the presence of ice is shown to further inhibit the formation of drizzle in continental clouds.
The results in this section show that the formation of freezing drizzle is very sensitive to the number of ice crystals initiated. Note that the ice-crystal concentrations predicted from the Meyers and Cooper ice initiation schemes have the largest difference at Ϫ5ЊC (two orders of magnitude), decreasing to a factor of 50 difference at Ϫ10ЊC. This is the most common temperature range in which freezing drizzle is observed to form. The Meyers scheme has been successfully used in previous simulations of ice formation. The Cooper curve represents a fit to ice-crystal observations. The difference between these two schemes represents some of the natural variations in ice initiation observed in the atmosphere. In the case of freezing drizzle, the scheme with the smaller numbers of ice crystals initiated seems to produce more reasonable results. In other cases the Cooper scheme may underestimate ice formation. The current results highlight the strong sensitivity of freezing drizzle formation to ice initiation. Recent studies by Jiang et al. (2000) , Harrington et al. (1999) , and Pinto (1998) have all shown that the dynamics of arctic stratocumulus clouds are also strongly sensitive to the method of ice initiation used. More research is clearly needed on ice initiation before it can be properly simulated in models. 
VOLUME 59 J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S FIG. 15. Precipitation on the ground in millimeters at
e. Sensitivity to ice nuclei depletion
In this section we compare simulations 6 and 10 with ice nuclei depletion on and off. In simulation 6, freezing drizzle starts to form after 1 h of simulation time and reaches a maximum mixing ratio of 0.084 g kg Ϫ1 after 3 h of simulation time (Fig. 5b) . In simulation 10 without ice nuclei depletion, no drizzle forms even after 3 h. This is due to the significantly higher numbers of ice crystals nucleated in this case compared to the ice nuclei depletion case. These crystals rapidly deplete the available water and prevent the formation of drizzle. The scheme without ice nuclei depletion initiates new ice crystals whenever the current ice-crystal concentration falls below the Cooper or Meyers scheme estimate of the maximum number of ice crystals possible. Thus, when pristine ice crystals fall out, new ice is initiated to take their place. In the scheme with ice nuclei depletion, no ice crystals are nucleated since the sedimenting pristine ice crystals depleted the ice nuclei in the volume. Thus, the proper simulation of freezing drizzle in the case of weak updrafts requires that ice nuclei be depleted!
Comparison to observations a. Comparison to the Valentine's Day freezing drizzle event in Colorado
The above-described model runs were designed to simulate observed occurrences of freezing drizzle formation. In particular, the height and width of the 2D mountain were designed to simulate the observed extent and magnitude of the updraft field observed during the 1990 Valentine's Day freezing drizzle event in Colorado (Rasmussen et al. 1995) . In that case, the updraft magnitude was from 4 to 8 cm s Ϫ1 over a depth of approximately 1 km and a horizontal scale of a 100 km as determined from radar VAD profiles and aircraft data. Figure 16 shows the observed north-south vertical cross section of cloud water and drizzle water content from that case based on the aircraft data. As shown, the peak cloud water content reached is 0.35 g m Ϫ3 , or 0.35 g kg Ϫ1 based on the air density in this case having a value close to 1.0 kg m Ϫ3 . This value agrees very well with the observed near-steady-state maximum cloud water mixing ratio in the current maritime CCN simulations VOLUME 59
17. Drizzle droplet spectra at maximum drizzle mixing ratio from model simulation 7 (all warm maritime simulation) and from the Valentine's Day freezing drizzle case (see previous figure for location of drizzle maximum in the observations). Observed drizzle spectra determined from 2D-C PMS probe for droplets greater than 150 m.
between 0.36 and 0.44 g kg Ϫ1 (Fig. 6 ). The tilt of the cloud water region toward the north (the right in the figure) in the observations is also evident in the model results, with a similar slope of 0.2 km in the vertical for a horizontal distance change of 50 km. Freezing drizzle is observed to form just below and slightly downstream of this maximum of cloud water in both the observations and in the simulations. The drizzle mixing ratio in the observations (Fig. 16) reaches maximum values of 0.12 g kg Ϫ1 , in good agreement with the maximum values reached in the maritime CCN simulations (0.105 g kg Ϫ1 maximum). The observed drizzle size distribution near the maximum drizzle water content is compared to the model drizzle size distribution at maximum drizzle water content in Fig. 17 . The agreement is very good, with both the model and aircraft observed spectra being approximately exponential with similar slope and y intercept. Since we are using a detailed microphysical model, the simulated size distribution is not constrained to be exponential in this case as in many bulk microphysical models.
Another important comparison between the current simulations and Valentine's Day case observations is for the ice-crystal concentrations. In the Valentine's Day case, ice crystal concentrations (mainly heavily rimed crystals or graupel) in the freezing drizzle region ranged from 0.01 to 0.09 L Ϫ1 , with a value of 0.05 L Ϫ1 at the location of maximum drizzle water content. This compares well with the ice-crystal concentrations in the simulations with the Cooper initiation scheme (range between 0.01 to 0.08 L Ϫ1 , 0.08 L Ϫ1 at the location of the drizzle water maximum). Rasmussen et al. (1995) suggested that either low CCN concentrations or a cloud-top mixing process could be responsible for the formation of freezing drizzle in the Valentine's Day event. The current results suggest that the most likely factor leading to freezing drizzle in that case was low concentrations of CCN, consistent with the observed low concentrations of cloud droplets (50 cm Ϫ3 ) and the difficulty in producing significant amounts of freezing drizzle via a cloud-top mixing process. Cober et al. (1996) present aircraft observations of drizzle formation in an 1100-m deep stratiform cloud with Ϫ12ЊC cloud top over the ocean in which they identify the collision-coalescence process as the primary mechanism for drizzle formation. Vertical motion estimated for this cloud was 5-7 cm s Ϫ1 , and ice-crystal concentration in the region of drizzle was estimated to be 0.08 L Ϫ1 for particles larger than 0.5-mm diameter. Maximum drizzle water content measured was 0.07 g kg Ϫ1 , and maximum cloud water content was 0.2 g kg Ϫ1 . The air mass was determined to be quite clean with low cloud droplet concentrations of 24 cm Ϫ3 . The above-described conditions (vertical motion, cloud thickness, and cloud-top temperature) are very similar to those simulated in this study. The microphysical conditions (low CCN, low ice-crystal concentrations) are similar to simulation 6, which was the maritime CCN case with Cooper ice initiation. The predicted drizzle water content is of similar magnitude to the Cober case (0.1 g kg Ϫ1 predicted, 0.07 g kg Ϫ1 observed), while the cloud water content measured is less (0.36 g kg Ϫ1 predicted, 0.2 g kg Ϫ1 observed). The latter difference may be due to the lower CCN in the observed case as compared to the current simulation, requiring less liquid water for the onset of the collision-coalescence process, as found in the current and previous studies (e.g., Feingold et al. 1996) .
b. Comparison to a maritime freezing drizzle case
Of particular interest are the low ice-crystal concentrations observed in the Cober et al. case. The observed ice-crystal concentration in the region of freezing drizzle was 0.08 L Ϫ1 for particles larger than 0.5 mm, while the model-predicted maximum ice-crystal concentration at the location of maximum drizzle was 0.076 L Ϫ1 (simulation 6) for particles of this size. The agreement between the model and observations is quite good in this case. Cober et al. (1996) observed a lack of drizzle in a nearby region with colder cloud-top temperatures and higher ice-crystal concentrations of 0.2 L Ϫ1 for crystals larger then 0.5 mm. The simulation with the Meyers ice initiation scheme (simulation 5), in which freezing drizzle formation was suppressed due to high ice-crystal concentrations, had ice-crystal concentrations very similar to those observed in this nearby region by Cober et al. (0.36 L Ϫ1 for crystals greater than 0.5 mm at the location of maximum drizzle). This scenario was also observed in the Valentine's Day case studied by Rasmussen et al. (1995) in the northern portion of the strat- iform cloud, where colder cloud tops, higher ice-crystal concentrations and no drizzle was observed. Thus, the strong sensitivity of freezing drizzle formation to icecrystal concentration is noted both in the observations and in the current model simulations.
c. Comparison to observed drizzle water contents
Drizzle water contents from a number of field programs are compared to model drizzle water contents from the maritime simulation 7 in Fig. 18 . The drizzle water contents were obtained from data collected by the NASA/Glenn instrumented Twin Otter in drizzle events in the southern Great Lakes region (Miller et al. 1998 ). Drizzle water contents in both the observations and model simulations are for droplet diameters greater than 50 m. The frequency of occurrence of various liquid water contents is given. As shown, both the observations and simulations show an exponential dependence of frequency of occurrence of drizzle water content, with similar slope and y intercept. Observed drizzle water contents range between 0.006 and 0.25 g m Ϫ3 . The above agreement gives additional confidence that the model simulation of freezing drizzle through a collision-coalescence process is similar to that occurring in nature.
Summary and conclusions
This study has investigated various mechanisms for freezing drizzle formation by performing simulations of stably stratified cloud formation over a bell-shaped mountain using a detailed microphysical model embedded in the MM5 mesoscale model. A comparison to observations showed that the simulations were able to replicate key features of observed freezing drizzle formation. The results of the simulations show: 1) Low CCN concentrations leads to rapid formation of freezing drizzle. This occurs due to the broad cloud droplet size distribution formed throughout the cloud in this case, allowing for rapid broadening of the spectra to the point at which the collision-coalescence process is initiated. This mechanism starts to produce drizzle after 1 h of simulation time in mesoscale updrafts of 4-10 cm s Ϫ1 . Since the air mass involved in frontal lifting is often above the atmospheric boundary layer, and CCN concentrations are usually significantly lower above the boundary layer (Pruppacher and Klett 1997) , the occurrence of low CCN in these types of clouds is not unexpected. Lower ice-crystal concentrations are also observed above the boundary layer (Rasmussen et al. 1995) , and thus these types of frontal clouds may be preferred regions for freezing drizzle formation due to the presence of low CCN and low ice-crystal concentrations. These results also confirm previous hypotheses by Murakami (1992) , Rasmussen et al. (1995), and Cober et al. (1996) based on observations that low concentration of CCN is one of the primary mechanisms for drizzle production.
2) Continental clouds can produce freezing drizzle given sufficient depth and time.
The current results suggest that stably stratified clouds with continental CCN can form freezing drizzle if the mesoscale updraft and warm cloud-top conditions can be maintained for periods greater than 4 h. It also suggests that the region of mesoscale updraft must be sufficiently broad and steady state to support 4 h of uplift.
3) Radiative cooling of the cloud droplets near cloud top can be effective in broadening an initially continental droplet spectrum toward that of a maritime cloud droplet size distribution. Maximum drizzle water mixing ratios produced by this mechanism were 2.0 ϫ 10 Ϫ4 g kg Ϫ1 . The lowest drizzle mixing ratios observed with instrumented aircraft are on the order of 0.005 g kg Ϫ1 (Politovich 1989; Cober et al. 1996) , thus the radiative cooling of drops mechanism may not act over a sufficiently deep volume of the cloud to produce observed freezing drizzle mixing ratios. It can, however, produce low concentrations of freezing drizzle over a broad region, and may help account for the formation of low concentrations of drizzle in thin clouds and clouds with weak updrafts and low water content. 4) Any mechanism that only broadens the cloud droplet spectra near cloud top (such as radiative cooling or a cloud top mixing process) may not act over a sufficiently broad volume of the cloud to produce significant amounts of freezing drizzle. The current results suggest that the mechanism for cloud droplet spectral broadening needs to operate throughout the volume of the cloud in order to produce the observed drizzle mixing ratios as well as the higher drizzle mixing ratios known to be hazardous to aircraft in flight. 5) Freezing drizzle formation is very sensitive to ice initiation. Low ice-crystal concentrations (Ͻ0.08 L Ϫ1 ) in the region of freezing drizzle formation were found to be a necessary condition for drizzle formation (from both model and observations). Drizzle formation in high CCN clouds was significantly reduced due to the presence of ice, while low CCN clouds were relatively unaffected. If a stratiform cloud with a thickness greater than 800 m, length longer than V mean ϫ 4.5 h, saturated updrafts on the order of 5-20 cm s Ϫ1 , and cloud-top temperatures greater than Ϫ12ЊC, can be maintained for longer than 4.5 h, then freezing drizzle will occur independent of CCN distribution, cloud-top mixing, and wind shear. The V mean is the mean velocity in the cloud layer. Low CNN concentration reduces the time needed for drizzle to form down to 2 h, the thickness of the cloud down to as little as 200 m, and the length of the cloud to V mean ϫ 2 h or 2.25 times shorter than the equivalent continental cloud to form drizzle. A schematic diagram comparing the minimum cloud size for a continental drizzle cloud to the minimum maritime drizzle cloud size is given in Fig. 19 . As shown, the minimum size for a maritime cloud to form drizzle is significantly smaller than for a continental cloud. Since smaller clouds of short duration occur more frequently than larger clouds of long duration, freezing drizzle is much more likely to form under low CCN conditions than under continental CCN conditions. Thus, freezing drizzle forms when the appropriate mesoscale conditions (weak vertical velocities on the order of 5-10 cm s Ϫ1 ), cloud conditions (stably stratified cloud with cloud-top temperatures greater than Ϫ12ЊC, no ice-crystal seeding from aloft, thickness of cloud greater than 200 m, and length greater than V mean ϫ 2 h for maritime cloud, thickness greater than 800 m and length greater than V mean ϫ 4.5 h for continental cloud), and microphysical conditions (low ice-crystal concentrations, typically less than 0.08 L Ϫ1 ) last for a sufficiently long periods of time (2 h for low CCN conditions, 4.5 h for high CCN conditions). Previous observational studies of freezing drizzle are consistent with this scenario (Murakami et al. 1992; Rasmussen et al. 1995; Cober et al. 1996) as well as climatological studies of freezing drizzle (Bernstein 2000) . Of particular relevance is the maritime or low CCN conditions found to favor freezing drizzle formation in all of the above studies. Thus, clean air masses favor drizzle formation due to the presence of low CCN and ice nuclei concentrations. FIG. 19 . Schematic of the minimum cloud size for drizzle formation. Depth and length of the cloud is annotated. Here V mean is the mean airflow in the cloud, while L m is the length of the maritime cloud. Also indicated is the vertical velocity assumed (7 cm 
APPENDIX
Specifics of the Detailed Microphysical Model
a. Description of the five different types of hydrometeors
Five different types of particles are involved in the model: water drops, pristine ice, rimed ice, aggregates, and graupel. The interactions between these five different types of hydrometeors are treated as in Reisin et al. (1996) .
1) WATER DROPS
The terminal velocities of the water drops are calculated using the Best and Bond number approach as described in Pruppacher and Klett (1997) . The collision efficiencies for drop-drop collision was calculated from the tabulated data of Hall (1980) .
2) PRISTINE CRYSTALS
The pristine ice crystals are assumed to have the form of a thin hexagonal plate. When the diffusional growth of the pristine crystals is calculated, this shape is approximated by an oblate spheroid with two different axes. The density of the pristine ice crystals is 900 kg m Ϫ3 . The diameter of the crystals depends on the square root of the mass following Hobbs (1974) :
The mass and the diameter are given in kg and m, respectively.
Terminal velocity of the pristine ice crystals is a linear function of the their diameter (Hobbs 1974 where a is the density of the air. Collision efficiency of drop-pristine ice collision is given by parabolic functions fitted to the theoretically calculated data of Pitter (1977) . The aggregation of the pristine crystals forms aggregates. The collision efficiency is equal to zero if one of the colliding crystals is less then 20 m and increases linearly to unity as the diameter of the crystal increases to 100 m. The coalescence efficiency depends on the temperature using the following equation: E coal,crystals ϭ exp[0.38(T Ϫ T o )] from Lin et al. (1983) .
3) RIMED CRYSTALS
Riming of the hexagonal plate pristine ice crystals forms rimed ice crystals. The shape of the rimed ice crystals is also approximated as an oblate spheroid. Most of the water drops are collected at the edges of the crystals, increasing their axis ratio, while their mean density decreases during the riming. It is assumed that the axis ratio (r ric ) increases linearly with the crystal mass, while the mean density ( ric ) decreases linearly with the mass: The collision efficiency of drop-rimed ice depends on the size of the drops and linearly increases from zero to unity as the diameter of the drop increases from 5 to 50 m. The collision efficiency of rimed ice-rimed ice collision is equal to unity and the coalescence equation depends on the temperature using the following equation: E coal,rimed ϭ exp[0.09(T Ϫ T o )] from Lin et al. (1983) .
4) AGGREGATES
Aggregates are formed by self-collection of the pristine and rimed ice crystals. The relationship between the density and the size and between the size and the terminal velocity are based on Passarelli and Srivastava (1979) . The collision efficiency of the drop-aggregate collision depends only on the size of the drops. It is zero if the size of the drop is less then 5 m and increases linearly to unity as the drop diameter increases to 20 m.
5) GRAUPEL
Graupel particles are assumed to have spherical symmetry. Their density depends on the size, increasing linearly from 450 to 900 kg m Ϫ3 as its mass increases from 4.189 ϫ 10 Ϫ9 to 4.289 ϫ 10 Ϫ6 kg (from about 100 m to 1 mm in diameter).
The terminal velocity of the graupel particles is given by Rasmussen and Heysmfield (1987) . The collision efficiency of the drop-graupel collision is given by the formula suggested by Langmuir (1948) .
b. Diffusional growth of pristine and rimed ice crystals
The diffusional growth rate of pristine and rimed ice crystals was calculated using the relationships given in Pruppacher and Klett (1997) . The effect of radiative cooling was neglected but the gas kinetic effect was considered in the case of pristine ice, but neglected for rimed ice.
c. Analytical solution for the simultaneous diffusional growth of drops and pristine and rimed ice crystals. (The effect of radiative cooling for drops is taken into consideration.)
Relationships for the simultaneous diffusional growth of drops, pristine ice crystals, and rimed ice crystals are derived following Reisin et al. (1996) with an additional term included for the radiative cooling of drops. This treatment extends the Harrington et al. (2000) development by also including diffusional growth of pristine and rimed ice crystals.
The water vapor mixing ratio excess over water and ice saturation are defined by: ⌬S w (t) ϭ q Ϫ q s,w and ⌬S i (t) ϭ q Ϫ q s,i , where q is the vapor mixing ratio, and q s,w and q s,i are the saturation mixing ratio over flat water and ice surface, respectively. The following two differential equations give the time derivative for water and ice supersaturation excess, where QR1 w and QR2 w involve the radiative cooling of drops. 
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